A model of O-adsorption at liquid metal surfaces has been constructed, using liquid Cu as an example. The modeling approach used is similar to the regular solution scheme previously used successfully for modeling the adsorption/segregation behavior of metal alloys, in that the internal energy of the system is evaluated by nearest neighbor bond energies. In the model, the adsorption of oxygen in the near-surface region is allowed to occur at both surface and sub-surface sites. The model predicts a variety of possible adsorption characteristics, including the possibility of first order adsorption transitions which involve the formation of a 2-dimensional surface oxide, and different sequences for the occupancy of surface and subsurface adsorption sites. In particular, by fitting the model to the experimental dependence of Cu surface energy on O-partial pressure, it is possible to conclude that O-adsorption in that case most likely occurs by the occupancy of sub-surface sites.
INTRODUCTION
Metals generally interact strongly with oxygen. The nature of the interaction depends on the partial pressure of oxygen (pO 2 ) in the atmosphere to which the metal is exposed.
When the oxygen partial pressure corresponding to the limit of solubility of oxygen in the metal is exceeded, a bulk oxide becomes thermodynamically stable, whereas below that pressure, oxygen is generally adsorbed at the metal surface. In some cases, it is also possible for a two-dimensional (2-d) "surface oxide" to form within the adsorption regime, i.e. at an oxygen partial pressure lower than that corresponding to bulk oxide formation [1] [2] [3] [4] .
One important consequence of adsorption is that it decreases surface energy, thereby affecting all capillarity-related behavior [5, 6] . Other types of behavior may also be modified.
For example, it has recently been suggested that the formation of 2-d surface oxides may improve the catalytic performance of copper when it is used to catalyze the oxidation of gas phase species [4] .
There has been considerable interest in modeling adsorption/segregation phenomena at metal surfaces. Previous work has generally used one of three approaches: computer simulations which make use of semi-empirical interaction potentials [7, 8] , first principles calculations [9] , and analytical thermodynamic models [10] [11] [12] [13] . The first two approaches have tended to address adsorption energies, and the manner in which surface structure changes with adsorption. On the other hand, the thermodynamic approach has been based on a simplified description of the surface structure and has focused on estimates of the dependence of adsorption on the chemical potential of the adsorbing species, and on the resulting changes in surface energy.
In this paper, we make use of the thermodynamic approach to investigate oxygen adsorption at the surface of liquid copper. In metal alloy systems, this type of modeling uses the heat of mixing to quantify the interaction between the alloy components, and the surface energy of the pure components to quantify the surface energy of the (segregated) alloy [12, 14, 15] . In the present case of adsorption from the gas phase, several technical difficulties need to be resolved. (i) The sites occupied by oxygen in copper need to be defined; (ii) the best method to formulate realistic copper-oxygen interactions is not obvious; and (iii) a means must be found to define the contribution to the surface energy of an adsorbed "oxygen entity".
A great deal of work has been performed on the location of adsorbed oxygen on copper surfaces of different orientations, using ultra-high vacuum (UHV) experimental approaches such as low energy electron diffraction, scanning tunneling microcopy, Auger electron spectroscopy, etc. As will be described in more detail below, the density and degree of close packing of a liquid surface is quite similar to that of the (111) surface of a face centered cubic (FCC) metal [16] [17] [18] [19] . Thus, some indications on the behavior of adsorbed oxygen on a liquid copper surface could in principle be obtained from studies of oxygen adsorption on Cu(111). However, in UHV work, oxygen is adsorbed on the surface by exposing samples to a known flux of oxygen, until the desired oxygen coverage is obtained.
Thus, no relation is obtained between oxygen adsorption and oxygen chemical potential.
In contrast to the surface science methodology, measurements aimed at the determination of surface energy of liquid copper have been performed under a well-defined oxygen chemical potential. In these experiments the liquid copper surface is exposed to a mixture of gases that produce a given pO 2 [20] [21] [22] [23] , and the surface energy is measured by the sessile drop technique. However, these measurements suffer from the disadvantage that Oadsorption is not measured directly.
Several previous attempts have been made at modeling O-adsorption at liquid metal surfaces by the thermodynamic approach, [6, 24, 25] . These studies have made use of the Gibbs adsorption isotherm, which may be expressed as follows:
where is the surface energy, is the surface energy of the pure metal M, is the adsorption of the species j (O and M), and µ j , the chemical potential of the jth species. Ricci et al. [24] and Eustathopoulos et al. [25] have used a concept developed by Wagner [26] in which oxygen is described as an oxide cluster dissolved in a sea of metal. This so-called "coordination cluster theory" provides a good description of the bulk thermodynamics of oxygen dissolved in metals and alloys [27] [28] [29] . Saiz et al. [6] have followed the approach of Belton [30] , in which the Langmuir adsorption isotherm is combined with the Gibbs adsorption isotherm. That approach uses experimental data on the relationship between surface energy and oxygen potential to evaluate adsorption, and cannot therefore be used to predict adsorption behavior independently of adsorption-related experimental information.
The model presented in this paper aims to link the macroscopic approach of previous authors [6, 24, 25 ] to a mean-field atomic description of the surface thermodynamics of oxygen at the surface of liquid copper. It is similar to the Belton approach in that we combine Gibbsian adsorption with a Langmuir-like model. However, unlike the classical Langmuir approach, our model does not limit adsorption to a single type of adsorption site, and we have avoided the assumption that the adsorption coefficient is independent of coverage. In addition, while the data used as input to the model is derived from experimental measurements of surface energies of the relevant pure components, none of the input data is either directly or indirectly related to O-adsorption.
MODEL

General Structure
The approach used here is similar to the regular solution scheme previously used successfully for modeling the adsorption (or interfacial segregation) behavior of metal alloys [10] [11] [12] 14] . In that approach, the energy due to interactions between the two species (Cu and O) is approximated by nearest neighbor bond energies and the entropy is taken to be that of an ideal solution. Such a method is reasonable for the description of systems such as Cu-O,
where the interactions are predominantly covalent, but would not be appropriate, for example, in Mg-O, where the interactions are predominantly ionic, especially if there is a possibility for the formation of 2-d oxides at the surface.
We will consider O-adsorption to the surface of a Cu liquid. For convenience, we will assume that the atoms of the liquid occupy a FCC lattice. This type of approximation for liquids has often been adopted in the past [11, 13] and has yielded favorable comparisons with experimental results of adsorption at liquid surfaces. In addition, such an assumption is not unreasonable, because the coordination in liquid metals that are close-packed in the solid state is ~11 [31] , and therefore not very different from that in their crystalline form.
Furthermore, the arrangement of Cu-atoms at the pure liquid surface will be taken to correspond to the structure of a FCC (111) surface, as it has been shown both experimentally [18, 19] and by computer modeling [16, 17] that liquid metal surfaces are more ordered than the bulk liquid over regions a few atom diameters in thickness, and that these ordered regions are also more densely packed than the adjacent bulk liquid. In general, this surface ordering is expected to prevail only in the vicinity of the melting point. However, measurements of liquid surface ordering in Ga [19] have shown that detectable ordering can persist to temperatures of up to 150 K above the melting temperature. In the present study we will confine application of the model to a temperature of 1365 K, where most of the relevant surface energy measurements have been made. This temperature is only 7 K above the melting point of Cu.
As the oxygen potential in equilibrium with bulk liquid Cu is increased, the concentration of oxygen dissolved in Cu also increases. When the oxygen potential reaches the value corresponding to the oxygen solubility limit, the [4] . For the purposes of the current model, we assume that Oatoms dissolved in Cu also occupy the same type of O-sites as in Cu 2 O.
We use the structure of the 
The fractions of occupied O1 and O2 sites (associated with Cu (1) ) are X O1 and X O2 , respectively, and the fraction of occupied O-sites associated with all other Cu planes is X Ob , corresponding to the fractional occupancy of O in a bulk layer. As noted above, Cu species may be identified as Cu or Cu'. It is convenient to define the fractions of Cu-Cu, Cu'-Cu and
Cu'-Cu' bonds in each Cu layer as f (i) CuCu , f (i) Cu'Cu and f (i) Cu'Cu' , respectively, where the superscript i indicates the plane Cu (i) . O-atoms occupying O2 sites of the Cu (1) plane have Cu neighbors in the Cu (2) plane, and thus modify the fractions of Cu and Cu' atoms in that plane.
As a result, the interactions between Cu-atoms occupying the Cu (1) and Cu (2) planes, as well as the Cu (2) and Cu (3) planes, are also modified. To address this issue, we also define the fractions of the three types of bonds that connect Cu-atoms in adjacent Cu (i) (2) and Cu (3) planes.
We express the surface energy as the surface excess grand potential: Let us now consider a system consisting of 3 Cu surface planes (Cu (i) , i = 1, 2, 3)
attached to M bulk-like Cu layers. We write the surface excess terms of Eq. 2 by subtracting the free energy of (M+3) bulk layers from that of the system under consideration. This leads to identical cancellation of the free energies of the M bulk layers, leaving the energy of the three surface layers, less the free energy of three bulk layers. Thus, g may be expressed as: (1) CuCu e CuCu + f (1) Cu'Cu e Cu'Cu + f (1) Cu'Cu' e Cu'Cu' ] + 3N Cu [f (1) (2) CuCu e CuCu + f (1) (2) Cu'Cu e Cu'Cu + f (1) (2) Cu'Cu' e Cu'Cu' ] (2) CuCu e CuCu + f (2) Cu'Cu e Cu'Cu + f (2) Cu'Cu' e Cu'Cu' ] + 3N Cu [f (2) (3) CuCu e CuCu + f (2) (3) Cu'Cu e Cu'Cu + f ( 
Here, f (b) hk is the fraction of bonds of the various types in a bulk-like layer. Note that there is no difference between in-layer bond fractions f (b) hk and interlayer bond fractions f (b-b) hk . The first term in Eq. 3 accounts for the bond energies of the interactions between O-atoms in O1 and O2 sites with other O-atoms and with Cu-atoms (as an example, an explanation of how these values are obtained is given in Appendix I), the second term represents the bond energies within plane Cu (1) , and the third term gives the energies of the bonds between the Cu (1) and Cu (2) planes. The fourth term gives the entropy of mixing of the O1 and O2 atoms on the O-sublattice. There is no entropy associated with mixing of Cu and Cu' on Cusublattice sites, because that distribution is determined by the distribution of the adjacent Oatoms, and is not independent. The next four terms represent the equivalent quantities for the Cu (2) plane. The following four terms give the same quantities for the Cu (3) plane, except that only half of its interaction with layer Cu (4) is included, as the other half was subtracted with the free energy of the M bulk layers to obtain the surface excess free energy. The next three terms of Eq. 3 represent the free energy of the 3 bulk layers that are subtracted to yield the surface excess free energy. The last term subtracts the adsorption and chemical potential term.
The various terms f (i) hk and f (i-j) hk , are not always easy to calculate, because of the awkward geometry of the Cu 2 O structure. In many cases they had to be evaluated by 
The chemical potential is somewhat more involved, and requires the definition of some additional terms. Thus far, we have described the bulk composition in terms of X Ob , the fraction of occupied O-sites in the O-sublattice associated with planes Cu (i) (i > 1). It is convenient to redefine the bulk composition of the Cu-O alloy in terms of the conventional atom fraction of oxygen, which we shall denote as (the superscript C standing for "conventional"). The relationships between X Ob and are:
, or
We also need to write an expression for the bulk free energy of the 
This expression is used in Appendix II to demonstrate that the O-chemical potential can be expressed as:
The equilibrium values of X O1 and X O2 , corresponding to O-adsorption at the Cu The equilibrium surface compositions are obtained by solving Eqs. 9 simultaneously for X O1 and X O2 .
Evaluation of bond energies
We evaluate the bond energies from the surface energies of Cu and Cu 2 O. Although bond energies could in principle also be evaluated from chemical reactions, such as:
it is preferable to perform the assessment of bond energies from surface energies, when the purpose is to evaluate surface properties.
We obtain the Cu-Cu bond energy from the surface energy of liquid Cu, under the assumption that the liquid surface has the same structure as the (111) surface of the solid.
Close to its melting point, the surface energy of liquid Cu is 1.37 J/m 2 which is an average of the experimental values reported later in Fig. 5 However, the surface energy of the liquid is reported as 0.48 J/m 2 [33] . We estimate the surface energy of the solid to be 15% higher than that of the liquid (typical of the relative values in pure metals) and employ the method used above to evaluate e CuCu to obtain:
As can be seen, there is not sufficient data to define all five of the bond energies in the present scheme, so that some additional conditions need to be imposed. Thus, we assume that the solution of Cu' in Cu is ideal, i.e. that:
e Cu'Cu = 0.5(e Cu'Cu' + e CuCu ).
We also assume that e OO is positive and that e Cu'O is negative, both of which are plausible since there is likely to be some charge transfer between O and Cu, as has been suggested by first principles calculations [4] . Finally, we impose one further condition, namely that the solubility of O in liquid Cu in equilibrium with Cu 2 O at 1365 K (just above the melting point of Cu) is close to the experimental value of 2at% [34] . This limits the possible values of the bond energies to the free choice of one bond energy, as will be discussed after the scheme to calculate the O-solubility is described.
Calculation of the solubility of O in Cu
We 
where is the partial pressure of oxygen in the standard state, i.e. the partial pressure of oxygen in equilibrium with Cu 2 O. Combining Eqs. 11 and 12:
At 1365 K (the temperature at which evaluations are performed) = 5 X 10 -6 atm [34] .
RESULTS AND DISCUSSION
The equilibrium O-adsorption can be calculated by means of Eqs. 9. In Figs. 3 we show the effect on adsorption of changing the bond energies over the range -23 kJ/mol < e Cu'Cu' < 0 kJ/mol at 1365 K. Four examples are given for the bond energy choices listed in Table 2 . Figures 3 are plots of the variation of the fractions of occupied O1 and O2-sites with increasing bulk oxygen concentration, extending all the way to the solubility limit. Figures 3a and 3b display first order adsorption transitions, from a state of low adsorption to a state of high adsorption, as the bulk concentration of oxygen is increased. Such transitions have been predicted previously by segregation models in a number of different contexts [13, [35] [36] [37] and have been observed experimentally in solid metallic alloys [38] [39] [40] . The transitions do not occur for the bond energy choices of Figs. 3c and 3d . In addition, as the bond energies change from Fig. 3a to Fig. 3d, ( i.e. to less negative values of e Cu'Cu' ) they produce a reversal in the relative adsorptions in the two O-layers associated with the Cu (1) plane. In Fig. 3a , adsorption is stronger in the O1-sites, whereas it is stronger in the O2-sites in Fig. 3b . It is worth noting that O1 and O2-sites have often been referred to in the literature as "on top" and "sub-surface" sites, respectively. In Figs. 3c and 3d , the continuing change to less negative e Cu'Cu' progressively decreases the adsorption in the O1-sites, until it essentially vanishes in Fig. 3d , whereas the O2-sites continue to reach O-saturation, as the limit of O-solubility is approached.
It is also useful to consider the corresponding changes in surface energy that result from O-adsorption. The surface energy can be computed by means of Eq. 3, together with the expressions for adsorption and chemical potential of Eqs. 4 and 8, and the equilibrium values of X O1 and X O2 from Eqs. 9. The results are displayed in Fig. 4 , as a plot of surface energy versus oxygen partial pressure, the latter being calculated by means of Eq. 13. The sets of bond energies used for illustration in Fig. 4 are identified in the legend, and correspond to those used in Fig. 3 . The curves of Fig. 4 are also labeled "a" through "d" for reference to Figs. 3a to 3d.
As expected from the Gibbs adsorption isotherm, the slopes of the variation in surface energy with log(pO 2 ) in Fig. 4 are proportional to the adsorption. In general, at low pO 2 (or correspondingly low in Fig. 3 ) the adsorption is negligible, and the slopes of the curves in One other issue is worth noting, for example in the case of curve "a" of Fig. 4 . The first order adsorption transition that occurs in that case (Fig. 3a) produces a sharp break in slope in curve "a" which separates the low adsorption from the high adsorption regime.
We now proceed to a comparison of the predictions of the model with experimental data on the changes in surface energy of liquid Cu associated with O-adsorption. All of the data obtained at temperatures between 1365 and 1375 K [20] [21] [22] [23] are summarized in Fig. 5 .
The best fit to the data occurs for curve "d" of Fig. 4 , corresponding to the fourth set of bond energies displayed in Table 2 As mentioned in the introduction, there has been significant activity using first principles methods that has focused on the interaction of oxygen with Cu surfaces. 
